INTRODUCTION
============

Endodontic management of immature permanent necrotic teeth is a challenging clinical procedure \[[@B1]\]. It has been shown that regenerative endodontic procedures (REPs) result in healing of apical periodontitis, continued radiographic root development, increasing fracture resistance and improved tooth survival in immature necrotic teeth \[[@B2][@B3]\]. However, it may contribute to tooth discoloration which is an unfavorable outcome \[[@B4][@B5]\].

Despite the increase in the number of cases reported in the literature and studies related to REPs, there is no established standardized protocol for REPs because of the lack of high levels of evidence for the outcome of regenerative treatment. REPs involve disinfection of the root canal system followed by introduction of a scaffold which is subsequently sealed with hydraulic silicate cements such as mineral trioxide aggregate (MTA) \[[@B6][@B7][@B8]\].

There are various types of intracanal medicaments used in REPs for disinfection of the root canal system. Triple antibiotic paste (TAP) consisting of ciprofloxacin, metronidazole, and minocycline is the most commonly used medicament in REPs \[[@B9]\]. However, tooth discoloration caused by TAP is well documented \[[@B4][@B10][@B11][@B12][@B13]\]. It has been shown that minocycline is the major cause of discoloration \[[@B4][@B13]\]. The efficacy of dentin bonding agent (DBA) for sealing the dentinal tubules of pulp chamber to decrease tooth discoloration caused by TAP has been supported by some articles \[[@B4][@B11][@B12]\], but it is not completely effective \[[@B12]\]. Therefore, it is suggested to use double antibiotic paste containing ciprofloxacin and metronidazole \[[@B10]\] or calcium hydroxide \[[@B7]\] instead of TAP, as well as to substitute minocycline with other antibiotics \[[@B10][@B14]\].

In several reports in REPs, evoked bleeding technique has been used to produce a blood clot scaffold \[[@B8]\], which promotes proliferation and differentiation of progenitor/stem cells \[[@B1]\]. Recent studies have used alternative scaffolds such as platelet-rich fibrin (PRF) and platelet-rich plasma (PRP) in regenerative endodontic treatment \[[@B15][@B16][@B17]\]. It has been stated that PRF is an ideal purely autologous scaffold for regeneration, which constitutes key growth factors for promoting the proliferation and differentiation of progenitor/stem cells \[[@B3][@B18]\].

After introduction of scaffolds to the root canal, it should be sealed coronally. It has been shown that MTA was the most popular intracanal barrier \[[@B8]\]. However, several studies have revealed the tooth discoloration potential of MTA, especially when it is in contact to blood \[[@B19][@B20]\]. To overcome tooth discoloration induced by MTA, it has been suggested to select other calcium silicate-based cements with lower potential of crown discoloration in teeth where there is an aesthetic concern \[[@B6]\].

To the best of our knowledge, there is no information regarding the discoloration ability of calcium silicate-based materials in contact to PRF as a scaffold in REPs. Therefore, the aim of this study was to evaluate coronal discoloration of teeth undergoing REPs using blood clot or PRF as the scaffolds, and ProRoot MTA (Dentsply Tulsa Dental Products, Tulsa, OK, USA) or Biodentine (Septodont, Saint Maur des Fosses, France) as the intracanal coronal barrier in an *ex vivo* model of regenerative endodontic procedure.

MATERIALS AND METHODS
=====================

Forty-eight bovine mandibular incisors from animals of nearly the same age and with almost similar crown and root size were selected. After disinfection by immersion in 0.5% chloramine T solution for 48 hours, teeth were stored in normal saline solution until use.

Preparation of specimens
------------------------

The apical part of each specimen was resected perpendicular to its long axis to create a standardized root length of 15 mm below the labial cementoenamel junction (CEJ). The apical 4 mm of the root canals was sealed with a composite resin material (Grandio; Voco GmbH, Cuxhaven, Germany) according to the manufacturer\'s instructions. Endodontic access cavities were then prepared and the root canals were shaped using \#3 to \#6 Gates Glidden drills, and irrigated with 20 mL 1.5% NaOCl followed by 20 mL 17% ethylenediaminetetraacetic acid (EDTA) each for 5 minutes \[[@B6][@B7]\]. Afterwards, the internal walls of the pulp chamber were sealed with a DBA according to the manufacturer\'s instructions as follows: after the inner surfaces of the pulp chamber was etched for 15 seconds with 35% phosphoric acid (Vococid; Voco GmbH), the dentin bonding agent (Solobond M; Voco GmbH) was applied to the etched surfaces and cured for 20 seconds.

Double antibiotic mixture was prepared by mixing equal proportions of ciprofloxacin and metronidazole (1:1) with sterile water to a final concentration of 1 mg/mL. Antibiotic mixture was inserted into the canal with a syringe to ensure that the solution remained below the labial CEJ. Access cavities were then filled with a temporary filling material (Zonalin; Kemdent, Swindon, UK). The specimens were incubated at 37°C in fully saturated humidity for 4 weeks. The access cavities were reopened and the root canals were irrigated with 20 mL 17% EDTA for 5 minutes and dried with paper points. For dealing with the possibility of damaged previous DBA layer during temporary filling material removal, DBA was reapplied on the access cavity walls in the same manner described for the first application of DBA. After that, it was attempted to perform the random sampling allocation stratified by the initial color of specimens or to one of these two groups as follows:

1.  *Group 1*: the root canals were filled with human blood using a syringe up to 4 mm below the facial CEJ and it was allowed to form a blood clot for 15 minutes.

2.  *Group 2*: the root canals were filled with PRF as a scaffold up to 4 mm below the facial CEJ. For the PRF preparation, human blood was collected in sterile tubes from the cubital vein. The tubes were centrifuged for 8 minutes with a speed of 1,300 rpm (DUO Quattro Centrifuge, Nice, France). Three layers were formed inside each test tube: a base layer containing erythrocytes, an intermediate layer of PRF, and a surface layer of platelet poor plasma. The PRF was separated from the other layers.

The whole fresh human blood used in this study was collected from healthy consented volunteers by a trained individual, and approved by a panel from the Tehran University of Medical Sciences Ethical Committee (Ethics code: IR.TUMS.VCR.REC. 1396.2977).

The specimens in each group were randomly divided into two experimental subgroups (*n* = 12) and labeled according to the applied intracanal coronal barrier. ProRoot MTA and Biodentine was prepared according to the manufacturers\' instructions, and a 3-mm layer of material was placed on the top of the scaffold. A wet cotton pellet with saline was placed over the endodontic materials and the cavity was temporarily sealed with Coltosol (Coltene, Altstätten, Switzerland). The specimens were incubated at 37°C in fully saturated humidity for 72 hours. Subsequently, after confirming the setting of coronal barriers, the access cavities were filled with composite resin material, A1 shade (Grandio; Voco GmbH). The shade of the composite was matched to the coronal tooth structure measured with a spectrophotometer (Vita Easyshad; VITA Zahnfabrik, Bad Säckingen, Germany).

The specimens were incubated at 37 °C in fully saturated humidity between the steps until the end of the study.

Tooth color assessment
----------------------

For reproducible color assessment, a rectangular window measuring 3 × 3 mm was created at the cervical third of the crown using a needle-shaped diamond bur. A spectrophotometer (Vita Easyshad; VITA Zahnfabrik) was used to measure the L^\*^, a^\*^, and b^\*^ values. L^\*^ indicates the value of lightness-darkness, a^\*^ indicates greenness-redness, and b^\*^ indicates blueness-yellowness. The device was calibrated before use for each specimen. Color measurements were performed at the following 5 steps:

1.  1\. Initial: prior to application of antibiotic mixture as the baseline color

2.  2\. After DAP therapy: 4 weeks after placement of antibiotic mixture

3.  3\. After REP: after placement of scaffolds, intracanal coronal barriers and coronal restoration

4.  4\. At 1-month follow-up

5.  5\. At 6-month follow-up

The color measurements were taken 3 times inside the marked window. The mean value of 3 measurements was calculated at each time interval. The color change (ΔE) between the initial step and the other steps was calculated using the following formula:
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Photographs were taken of the specimens at each treatment step using a digital camera for informal visual comparison.

Data were evaluated using SPSS software (PASW Statistics 18; SPSS Inc, Chicago, IL, USA). To evaluate the effect of the type of intracanal coronal barrier and scaffold on color change, the data were analyzed using 2-way analysis of variance. The level of statistically signiﬁcant difference was set at *p* \< 0 .05.

RESULTS
=======

The mean values for the color changes in each subgroup are shown in [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}. The findings showed that coronal discoloration after 4-week DAP therapy was under clinically perceptible threshold (ΔE ≤ 3.3). The results revealed that considering the type of the scaffold, crown discoloration was significantly higher in blood clot groups compared with PRF groups at the end of REP, and also 1 month later (*p* \< 0.05). However, at the 6-month follow-up, no significant difference existed between PRF and blood clot groups (*p* \> 0.05). Regarding the type of intracanal coronal barrier, the results showed that the type of coronal barrier (ProRoot MTA or Biodentine) had no significant effect on coronal discoloration (*p* \> 0.05).

![ΔE values (mean and standard deviation) of the experimental groups at the different steps. Significant difference between scaffolds (blood and platelet-rich fibrin \[PRF\]) was shown at the end of regenerative endodontic procedure (REP) and 1-month follow-up.\
DAP, double antibiotic paste; MTA, mineral trioxide aggregate.\
^\*^*p* \< 0.05.](rde-44-e25-g001){#F1}

![The color changes at each treatment step. The dotted line represents clinically perceptible discoloration of ΔE ≥ 3.3.\
DAP, double antibiotic paste; MTA, mineral trioxide aggregate; PRF, platelet-rich fibrin; REP, regenerative endodontic procedure.](rde-44-e25-g002){#F2}

Photos of a specimen from each group are shown in [Figure 3](#F3){ref-type="fig"}.

![Photographs of teeth in each group. (A) At the end of 4-week antibiotic therapy. (B) At the end of endodontic regenerative procedure. (C) At 1-month follow-up. (D) At 6-month follow-up. The color changes were measured within the defined area.\
MTA, mineral trioxide aggregate; PRF, platelet-rich fibrin.](rde-44-e25-g003){#F3}

DISCUSSION
==========

Crown discoloration is a commonly reported complication of the current clinical protocols of REPs. This is the first study to evaluate and compare the crown discoloration potential of two different scaffolds sealed by 2 different calcium silicate-based materials using an *ex vivo* model for regeneration. Studies have shown many advantages in using bovine teeth instead of human ones \[[@B10][@B21][@B22]\], including a sufficient flat surface in large numbers without any restorations, caries \[[@B21]\], and no concern about ethical issues \[[@B23]\]. However, the number of tubules is higher in bovine specimens compared with human dentin \[[@B23]\], which might influence the penetration of the materials in the dentin.

In the study, DAP was used as intracanal medicament. The most common medicament used in REPs is TAP containing minocycline and it has been applied as intracanal medicament in 80% of the clinical articles \[[@B9]\]. However, it poses disadvantage of severe tooth discoloration even in low concentrations \[[@B4][@B10][@B12]\]. It has been shown that coronal discoloration caused by TAP could not be prevented even with sealing the dentinal tubules of pulp chamber walls \[[@B12]\]. Although the European Sciety of Endodontology (ESE) position statement advocates a nondiscoloring calcium hydroxide as an intracanal medicament \[[@B7]\], antibiotic mixtures are still recommended by the American Association of Endodontists \[[@B6]\]. Double antibiotic paste has been recommended to prevent discoloration caused by minocycline in TAP \[[@B6]\], and was succesfully used in endodotic regeneration \[[@B24][@B25]\]. The precise preparation method of TAP and DAP is not mentioned in most of the studies and case reports. It has been shown that residual antibacterial effect of TAP or DAP at a concentration of 1 mg/mL was comparable with those concentrations currently used in REPs (1,000 mg/mL) \[[@B26]\]. Therefore, 1 mg/mL DAP was used in this study which may also have less cytotoxicity in clinical conditions due to lower concentration \[[@B27]\].

A ΔE value greater than 3.3 is considered to be perceivable color change \[[@B28]\]. In this study, coronal discoloration after a 4-week antibiotic therapy period was less than the clinically perceptible value (ΔE ≤ 3.3). This finding is in accordance with Akcay *et al*. \[[@B10]\] which showed that using DAP for 3 weeks did not cause any noticeable coronal discoloration unlike TAP.

This study revealed that application of PRF instead of blood clot as a scaffold resulted in significant decreased crown discoloration at the end of REPs and 1 month later. Several studies have shown tooth discoloration potential of blood \[[@B20][@B29]\], possibly due to the penetration of erythrocytes into the tooth structure \[[@B20]\], and accumulation of hemoglobin and hematin molecules in dentinal tubules after hemolysis of erythrocytes \[[@B30]\]. In current study, greater discoloration in the blood groups does not seem to be related to the penetration of erythrocytes into the coronal tooth structure as the dental walls of the pulp chamber had been sealed using DBA. Furthermore, it was attempted to deliver blood into the canals without contamination of the pulp chamber. However, the proximity of blood contaminated cervical root dentin to the cervical third of the crown where assessment of discoloration was evaluated can be a reason for this finding. Moreover, absorption of blood into the fresh unset calcium silicate-based materials which were located in the cervical area of the root might be another reason for more discoloration in blood groups. Ferrous (Fe^2+^) ion in the center of heme group of blood which possesses a red color becomes ferric (Fe^3+^) which has a dark brown color due to a natural redox reaction that may result in discoloration of materials \[[@B20] [@B31]\]. It has been shown that blood contamination exacerbated discoloration induced by calcium silicate-based materials containing bismuth oxide or other radiopacifiers \[[@B19][@B29][@B31]\]. Therefore, the higher tooth discoloration in blood groups at the end of regenerative endodontic procedure and 1-m later could be attributed to color changes of intracanal coronal barriers exposed to blood. The lower discoloration induced by PRF at mentioned steps might be associated with the lack of erythrocytes in platelet derivatives.

It is suggested to use alternatives to ProRoot MTA such as Biodentine to seal the scaffolds where there is an esthetic concern \[[@B6]\]. In a systematic review, Możyńska *et al*. \[[@B32]\] reported that ProRoot MTA showed a strong potential for staining compared to Biodentine. However, the results of the present study showed no significant difference between discoloration potential of Biodentine and ProRoot MTA. This result is in accordance with the findings of our previous study \[[@B12]\] which did not reveal significant difference between tooth color change induced by ProRoot MTA and Biodentine placed over the blood clot when the pulp chamber walls were sealed with DBA. However, in studies that showed more coronal discoloration associated with ProRoot MTA, MTA-dentin interface was not sealed \[[@B28][@B33]\]. The amino acids in dentin collagen seem to destabilize bismuth oxide molecule in MTA, resulting in eventual change in color to black \[[@B34]\]. Tooth discoloration has been shown to be caused by movement of discolored bismuth from the material to the tooth structure by ion exchange \[[@B35]\]. Thus, less color change seen following the use of ProRoot MTA in the present study might be related to the sealing of the pulp chamber dentinal walls with DBA, leading to prevention of bismuth migration to the tooth structure.

Despite the more significant crown discoloration found in the blood groups at the end of regenerative endodontic procedure and 1-month follow-up, no significant difference existed at 6-month follow-up among blood and PRF groups. At 6-month follow-up, regenerative protocols used in the current study resulted in color change values which were slightly more than the clinically perceptible ones.

In the present study, color change was not incremental, and reverted from the end of REP to 6-month follow-up. Furthermore, reduction of color changes was more evident in blood groups compared with PRF groups. This finding might be related to the alteration of erythrocytes via physiological degradation over time, thus resulting in the change of optical properties of materials and dental tissues \[[@B20]\]. This finding should be further investigated.

Although there is little information on color stability of calcium silicate-based materials exposed to PRF, the protocol used in this study, including covering the dentinal tubules of pulp chamber with DBA and application of DAP as the intracanal medicament seems promising to decrease the coronal color change in teeth undergoing REPs even after introduction of blood into the root canals and sealing the scaffolds using bismuth oxide containing calcium silicate based materials.

It is worth to mention that in this study, both scaffold materials were not in contact to neither bone fluids nor blood from the normal human body stream. Further clinical studies are needed to evaluate the outcome of this protocol in REPs.

CONCLUSIONS
===========

Under the conditions of this study, the use of a low concentration of DAP (1 mg/mL) following covering dentinal walls of the pulp chamber led to slight coronal color change which was less than the clinically noticeable value. No significant difference was found between the crown color change following the application of ProRoot MTA and Biodentine placed below the labial CEJ for sealing the scaffolds at any time intervals.
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